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A set of binary and ternary biodegradable cross-linked poly(b-thioester) networks have been synthesized
via thiol-ene Michael additions, by reacting combinations of dithiols, diacrylates and multifunctional
cross-linkers. Insoluble binary thermoset networks and soluble ternary branched polymers with broad
molar mass distributions are obtained in a facile manner after polymerization at room temperature for
only few minutes. The networks display excellent thermal stability up to 250 C and exhibit low glass
transition temperatures. The soluble branched polymers show degradation of the polyester backbone
upon chemical degradation by acidic and basic solutions. Finally, the (bio)degradability of ternary PBT
polymer films is examined via quartz crystal microbalance measurements. Weight loss is measured as a
function of time upon exposure to phosphate buffers at different pH. PBTs carrying apolar chain seg-
ments display surface degradation, while PBTs with more polar ethylene glycol segments allow for
swelling in aqueous solution, which is reflected in concomitant surface and bulk degradation of the
materials. Because of their biodegradability, these easy to synthesize poly(b-thioesters) networks are
considered to be suitable candidates to use in future biomedical or ecological applications.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Since many years, the development and implementation of
biodegradable polymer materials for applications such as
controlled drug release, tissue engineering and recycling of plastics
has been an important research area in polymer science [1,2].
Biodegradable polymers respond to specific (biological) stimuli by
disintegration into smaller molecules. Besides natural biodegrad-
able polymers (such as poly(saccharides) and poly(peptides)), a
broad range of synthetic biodegradable polymers (e.g. poly(-
lactides) or poly(glycolides) to name the most-used representa-
tives) have been developedwhich are nowadays used in biomedical
or ecological applications [3,4]. Biomedical applications of (bio)
degradable polymers are thereby usually found in the high-valueroup, Institute for Materials
aan Building D, B-3590 Die-
68399.
e, junkers@polymatter.netmaterials sector (i.e. implant technology or drug delivery), while
ecological applications usually target low-cost commodity mate-
rials to overcome today's ecological problems. Synthetic (bio)
degradable polymers are mostly synthesized via polycondensation
or ring opening polymerization reactions [5]. However, as
described below, also other synthesis methods can be applied.
Recently, we reported on the synthesis and biodegradability of
linear poly(b-thioester)s (PBTs), synthesized via thiol-ene step
growth polymerization [6] from simple dithiols and diacrylate
monomers. The thiol-ene reaction can proceed either via radical
addition of a thiol to a C]C ene-compound, initiated by azo- or
photoinitiators subjected to heat or UV light [7e11] or proceeds via
a base-catalyzed Michael addition of a thiol to an activated ene-
compound with an electron deficient C]C bond, such as acry-
lates, acrylamides, maleimides or derivatives thereof [12,13]. As
nucleophilic bases usually primary amines or phosphines are used
[14]. Although Michael type thiol-ene additions are less frequent in
literature than radical thiol-ene reactions, they exhibit higher ef-
ficiencies and less side reactions and therefore feature more char-
acteristics of a click reaction [15]. Nevertheless, only few reports
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zation of linear polymers [16e18]. In a very recent study, our group
exploited the versatility of the thiol-ene Michael addition by syn-
thesizing a variety of PBTs, using a range of different commercially
available apolar and polar dithiols and diacrylates, urethane based
compounds as well as polystyrene oligomers [19]. In all cases,
equimolar amounts of monomers were used and the polymeriza-
tion was catalyzed by hexylamine, which is known to lead to full
conversion in minutes [20]. The so-obtained materials carry labile
ester bonds in the main chain that are prone to hydrolytic degra-
dation by mild basic or acidic conditions [21,22], as was demon-
strated earlier [6].
While the synthesis of linear thioesters holds high promise,
most work on (radical) thiol-ene reactions has been dedicated to
polymer network formation. Since these networks are almost
exclusively made via the radical pathway, we shifted our focus in
the present work onto the synthesis and biodegradation of cross-
linked PBT networks via the base-catalyzed thiol-ene Michael
addition. Advancement of the PBT synthesis methodology to
crosslinked materials is highly attractive since it opens pathways
towards more complex applications such as controlled release from
polymeric particles. Also, it gives access to high molecular weight
polymers and thus to more processable materials with sophisti-
cated physical properties.
Network formation via radical thiol-ene reactions has been
described midway the 20th century and has since then been
extensively exploited and used as glasses, elastomers, films and
adhesives in various applications [ [23,24.] It is well described in
literature that radical thiol-ene reactions lead to very homogeneous
networks with excellent thermal, mechanical and physical proper-
ties [25,26]. They usually do not feature degradation properties,
since radical thiol-ene does not require activated double bonds such
as in the hydrolyzable acrylates as used for theMichael addition. The
PBT networks synthesized in this particular study are prone to
biodegradation since they consist of multifunctional thiol and
acrylate monomers, that all carry hydrolyzable ester bonds in the
backbone.
Two sets of polymer networks are discussed in here. First, a
number of binary fully cross-linked PBT networks are designed by
using a combination of a dithiol or diacrylate monomer with a tri-
or tetra-functional cross-linker. Since these materials are fully
insoluble, a second set of (hyperbranched) soluble ternary PBTs is
synthesized, thereby only using 10% cross-linker in combination
with a dithiol and diacrylate monomer mixture to reduce cross-
linking density. These soluble materials can be seen as soluble
mimics for the insoluble network materials, which can be used for
in depth characterization studies. Thermal properties of these
materials are investigated by means of DSC and TGA. Chemical
degradability of these soluble hyper-branched PBTs is then inves-
tigated by dispersing the polymers in basic or acidic solution for 3
days and subsequently exploring the decrease in molar mass with
SEC. Since such experiments are only of qualitative nature, we
continue then to investigate the (bio)degradability of the PBTsmore
in-depth via a quartz crystal microbalance (QCM) study [27e29].
With QCM, the weight-loss of the polymer is monitored in time-
resolved manner under the influence of phosphate buffer solu-
tions at different pH.
2. Experimental section
2.1. Materials
Pentaerythritol tetraacrylate (PETA; 60e90%), pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP;>95%), tris[2-(acryloyloxy)
ethyl] isocyanurate (TAEIC; 89%), tris[2-(3-mercaptopropionyloxy)-ethyl] isocyanurate (TMPEIC; 89.8%), 1,4-butanediol diacrylate
(BDDA; 90%), 1,6-hexanediol diacrylate (HDDA; 80%), di(ethylene
glycol) diacrylate (DEGDA; 75%), tetra(ethylene glycol) diacrylate
(TEGDA;87%),1,4-butanedithiol (BDT;97%), 2,20-(ethylenedioxy)
diethanethiol (EDDT; 95%), and hexylamine (HA; 99%) were pur-
chased from SigmaeAldrich and used as received. All solvents used
were obtained from commercial sources (Acros and VWR) and used
without further purification. The universal buffer mixture consisted
of citric acid (99%, 6.01 g; SigmaeAldrich), potassium dihy-
drogenphosphate (99.5%, 3.89 g; SigmaeAldrich), boric acid (99.5%,
1.77 g; SigmaeAldrich), diethylbarbituric acid (99%, 5.27 g; Riedel-de
Ha€en), and various amounts of sodium hydroxide (97%;
SigmaeAldrich) in 1 L water.
2.2. Characterization
Analysis of the MWDs of the soluble polymer samples were
performed on a Tosoh EcoSEC operated by PSS WinGPC software,
equipped with a PLgel 5.0 mm guard column (50 * 8 mm), followed
by three PLgel 5 mm Mixed-C columns (300 * 8 mm), and a differ-
ential refractive index detector using THF as the eluent at 40 C
with a flow rate of 1 ml min1. The size-exclusion chromatography
(SEC) system was calibrated using linear narrow polystyrene
standards ranging from 474 to 7.5 * 10 g mol1 [PS (K ¼ 14.1 *
105 dl g1 and a ¼ 0.70)], and toluene as a flow marker. Ther-
mogravimetric analysis (TGA) was carried out on a 2950TGA-HR
(TA Instruments), applying a heating rate of 20 C min1 and a N2
flow of 70 mL min1. Differential scanning calorimetry (DSC)
measurements were carried out on a Q200 (TA Instruments),
applying a heating rate of 20 C min1 and a N2 flow of
50 mL min1.
2.3. Synthesis
2.3.1. Binary cross-linked PBT networks
In a typical procedure, 0.5 equiv. of the tetra-acrylate cross-
linker PETA and 1 equiv. of a linear dithiol monomer (BDT or EDDT)
were dissolved in THF (50 wt%) in a glass vial equipped with a
stirring bar. While the mixture was stirred at R.T. 0.2 equiv of
hexylamine was added in one go to start the polymerization reac-
tion. Already after 1e2 min a white solid material was obtained.
After another 10 min the white solid cross-linked polymer material
was removed from the glass vial and ground in a mortar. The white
powder was dried in a vacuum oven at 40 C overnight to remove
the remaining THF. Attempts to dissolve the cross-linked PBT
network in any solvent failed. Therefore, no SEC analysis could be
performed.
The same procedure was used to synthesize all other cross-
linked PBT networks, making sure that the molar ratios of acry-
late and thiol compounds were corrected for the number of func-
tional groups in each molecule. The theoretical equiv. and exact
amounts of cross-linkers and monomers used in each experiment
can be found in Table 1.
2.3.2. Ternary cross-linked PBT polymers
In a typical procedure, 0.1 equiv. of the tetra-acrylate cross-
linker PETA, 1.2 equiv. of a linear dithiol monomer (BDT or EDDT)
and 1 equiv. of a linear diacrylate monomer (BDDA, HDDA, DEGDA
or TEGDA) were mixed in a glass vial equipped with a stirring bar.
While the mixture was stirred at R.T. 0.2 equiv of hexylamine was
added in one go to start the polymerization reaction. Already after
1e2 min, a gel-like waxy material was obtained. The reaction
mixture was stirred further for 10 min. Subsequently, the obtained
white waxy cross-linked polymer material was analyzed by THF-
SEC.
Table 1
Theoretical and experimental equiv. and reagents used for synthesis of binary and ternary PBTs, combined with SEC results of soluble PBTs.
Polymer Reagents Theoretical equiv. Experimental equiv. Mw (g$mol1) Đ Further study
PBT1 BDDA/PETMP/HA 1/0.5/0.2 1/0.49/0.2 e e DSC/TGA
PBT2 HDDA/PETMP/HA 1/0.5/0.2 1/0.5/0.2 e e
PBT3 DEGDA/PETMP/HA 1/0.5/0.2 1/0.49/0.2 e e
PBT4 TEGDA/PETMP/HA 1/0.5/0.2 1/0.5/0.2 e e DSC/TGA
PBT5 BDDA/TMPEIC/HA 1/0.67/0.2 1/0.67/0.2 e e
PBT6 HDDA/TMPEIC/HA 1/0.67/0.2 1/0.66/0.19 e e
PBT7 DEGDA/TMPEIC/HA 1/0.67/0.2 1/0.67/0.2 e e
PBT8 TEGDA/TMPEIC/HA 1/0.67/0.2 1/0.66/0.2 e e
PBT9 BDT/PETA/HA 1/0.5/0.2 1/0.5/0.2 e e
PBT10 EDDT/PETA/HA 1/0.5/0.2 1/0.51/0.2 e e
PBT11 BDT/TAEIC/HA 1/0.67/0.2 1/0.65/0.2 e e
PBT12 EDDT/TAEIC/HA 1/0.67/0.2 1/0.65/0.2 e e
PBT13 BDDA/BDT/PETA/HA 1/1.20/0.1/0.2 1/1.21/0.1/0.2 20,400 17.0
PBT14 HDDA/BDT/PETA/HA 1/1.20/0.1/0.2 1/1.23/0.1/0.2 19,900 14.2 Hydrolysis
PBT15 BDDA/BDT/TAEIC/HA 1/1.15/0.1/0.2 1/1.15/0.1/0.2 12,300 13.7
PBT16 HDDA/BDT/TAEIC/HA 1/1.15/0.1/0.2 1/1.19/0.1/0.2 17,900 14.9
PBT17 BDT/BDDA/PETMP/HA 1/1.20/0.1/0.2 1/1.20/0.1/0.2 32,800 25.5 DSC/TGA/QCM
PBT18 BDT/HDDA/PETMP/HA 1/1.20/0.1/0.2 1/1.21/0.1/0.2 14,900 9.3
PBT19 BDT/BDDA/TMPEIC/HA 1/1.15/0.1/0.2 1/1.18/0.1/0.2 11,500 11.5 DSC/TGA/QCM
PBT20 BDT/HDDA/TMPEIC/HA 1/1.15/0.1/0.2 1/1.17/0.1/0.2 12,100 9.3
PBT21 DEGDA/EDDT/PETA/HA 1/1.20/0.1/0.2 1/1.20/0.1/0.2 17,900 11.9
PBT22 TEGDA/EDDT/PETA/HA 1/1.20/0.1/0.2 1/1.21/0.1/0.19 11,800 6.2 Hydrolysis
PBT23 DEGDA/EDDT/TAEIC/HA 1/1.15/0.1/0.2 1/1.17/0.1/0.2 24,000 10.9
PBT24 TEGDA/EDDT/TAEIC/HA 1/1.15/0.1/0.2 1/1.18/0.1/0.19 61,100 18.5
PBT25 EDDT/DEGDA/PETMP/HA 1/1.20/0.1/0.2 1/1.21/0.1/0.2 39,900 19.0
PBT26 EDDT/TEGDA/PETMP/HA 1/1.20/0.1/0.2 1/1.21/0.1/0.21 9300 4.9 DSC/TGA/QCM
PBT27 EDDT/DEGDA/TMPEIC/HA 1/1.15/0.1/0.2 1/1.16/0.1/0.2 42,800 15.3
PBT28 EDDT/TEGDA/TMPEIC/HA 1/1.15/0.1/0.2 1/1.17/0.1/0.21 5800 3.4 DSC/TGA/QCM
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ternary cross-linked PBTs, making sure that the molar ratios of
acrylate, thiol and cross-linker compounds were corrected for the
number of functional groups in each molecule. In all cases, 10% of
cross-linker was used in order to obtain branched polymer archi-
tectures that resulted still in soluble behavior. The theoretical equiv.
and exact amounts of cross-linkers and monomers used in each
experiment can be found in Table 1.
2.4. Degradation study of bulk polymer in solution
In four separate glass vials, each time 50 mg of a soluble ternary
cross-linked PBT was dissolved in 3 mL THF. To each vial, 3 mL of a
specific basic or acidic aqueous solutionwas added (1 M NaOH,1 M
KOH, 1 M acetic acid, 1 M HCl) in order to test the chemical de-
gradability of the ester bonds by hydrolysis. The water/THF mix-
tures were stirred for 4 days at 40 C. Subsequently, the samples
were extracted with CHCl3, the organic phases were dried and
analyzed with THF-SEC to check for decreases in molar mass.
2.5. QCM study
AT-quartz crystals with Au coating (diameter 14 mm, thickness
0.3 mm, resonance frequency 4.95 MHz) were used for the quartz
crystalmicrobalance dissipation (QCM-D) study. Prior tomeasuring,
the crystals were cleaned with a 5:1:1 mixture of MilliQ water,
ammonium, and hydrogen peroxide followed by UV ozone treat-
ment (Digital PSD series UV- ozone, Novascan) for 10 min. The
soluble ternary PBTs (80 mg) were dissolved into 1 ml of THF and
subsequently spincoated onto the crystalswith a speed of 2500 rpm.
The thickness of the spin-coated polymer layerwas determined bya
DEKTAK profilometer (Veeco/Sloan). Settings: measured distance
2000 mm, vertical measure range 655 kÅ, stylus force 1 mg, i.e.
1.96*105 N per mm2. The thickness of the polymer layers was
comparable, for PBT28 (710 ± 110 nm), for PBT26 (743 ± 160 nm),
for PBT17 (880 ± 116 nm), and for PBT19 (800 ± 120 nm).QCM-D was performed on a Q-Sense E4 instrument (Goth-
enborg, Sweden) that monitors the change in resonance frequency
(Df). First, the sensors were stabilized for 20 min at 37.00 ± 0.02 C.
The temperature of 37 C was chosen to mimic human body tem-
perature. Next, they were exposed to PBS buffer solutions of
different pH values, respectively pH 4, 7.4, 9 and 12, by flowing the
solutions at a rate of 20 ml/min with a IPC-N pump (Prosense B.V.,
The Netherlands). The data were collected for approximately 60 h
with an interval time of 10 min.3. Results and discussion
3.1. Binary cross-linked PBT networks
Asmentioned above, thiol-ene networks have in the past mostly
been prepared via the radical reaction pathway. In this particular
study, the base-catalyzed Michael addition was employed to syn-
thesize binary cross-linked PBT networks. Therefore, a simple
dithiol or diacrylate was polymerized with a tri- or tetra-functional
thiol or acrylate cross-linker, respectively. Structures for all
monomers and cross-linkers under investigation in this study are
found in Scheme 1. Generally, the cross-linkers (both acrylates and
thiols) feature ester bonds that are prone to degradation. The
dithiol and diacrylates feature hydrocarbon and ethylene glycol
motives and thus allow for the tuning of polarity of the networks.
For polymerization, the reagents were mixed in stoichiometric
amounts (so that the total number of thiol and ene groups are
equal), dissolved in THF and catalytic amounts of hexylamine were
added to start the reactions (see Table 1 for details). In all cases,
polymerizations were very fast and insoluble networks were ob-
tained within just a few minutes. To remove all solvent from the
formed networks, the materials were ground in a mortar and dried
in a vacuum oven overnight. All obtained materials appeared as
white powder-like and brittle thermosets, and as expected any
attempt to dissolve them in any solvent failed. Interestingly the
more polar networks (PBT3, 4, 7, 8,10 and 12) did, however, display
Scheme 1. Structures of acrylate and thiol cross-linkers and linear monomers used for cross-linked PBT networks.
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This effect was, however, not further investigated in this specific
study and may be subject of a further study.
While the above results demonstrate that PBT networks are
easily obtained in a short period of time from commercial mate-
rials, questions arise about the usability. Since they are thermoset
materials, processability of the formed powders is very limited and
networks with a somewhat lower crosslinker density may be
favorable to obtain materials of high molecular weight that still
feature solubility. Therefore, the focus was shifted from pure
crosslinker mixtures to polymerizations where three components
were used, that is a crosslinker as well as the two linear monomer
counterparts. Such polymerizations will result in networks with
extended segment length and hence tunable molecular weight
depending on the amount of crosslinker employed.3.2. Ternary cross-linked soluble PBT polymers
To synthesize the ternary soluble PBT branched architectures,
for all experiments both a linear dithiol and diacrylate monomer
were mixed and 10% of a cross-linker was added (again, the equiv.
were chosen so that the total number of thiol and ene groups were
equal, see Table 1). In this way, homogeneous reagent mixtures
were formed without the need for an extra solvent; hence poly-
merizations were carried out in bulk. Upon addition of a catalytic
amount of hexylamine, the reaction was immediately started at
room temperature. After only few minutes, white waxy solids or
transparent gel-like materials were obtained depending on the
type of monomers used. The polar monomers (DEGDA, TEGDA and
EDDT) led to gel-like materials, which however also became white
and solid when stored in the freezer. It indicates that segmental
motion of the polymer becomes more restricted due to cooling of
the polymers closer to their glass transition temperature, giving
rise to different physical appearances. The thermal properties are
further discussed in the next section.As all highly branched polymers are still well soluble in THF,
they give access to SEC analysis to determine molecular weight
distributions. All resulting chromatograms are depicted either in
Fig. 1 or in the Supporting Information. In all cases, very broad
dispersities were obtained and the molar mass distributions
stretched out from 102e106 g mol1, featuring multimodality,
which is expected for such branched structures. Nevertheless, the
possibility to dissolve these PBTs opens pathways not only to
characterize them more easily, but also to process them in facile
manner. Furthermore, solubility allows for easier investigation into
the chemical or biological degradability in solution (see following
sections). It should thereby be noted that in all likelihood still some
functional alkene and thiol groups are present in the ternary
products. By thermal processing it may thus be possible to increase
the cross-linking density further and to form also in these cases
insoluble structures. Since it was, however, the goal to synthesize
soluble network counterparts, this was not further investigated.3.3. Thermal properties of representative binary and ternary PBTs
To investigate thermal properties, a set of representative insol-
uble binary PBTs and soluble ternary PBTs was chosen in which the
type of monomer (apolar vs polar) and the type of cross-linker (3
arm vs 4 arm star) was varied. Thermal degradation of the archi-
tectures was investigated with thermogravimetric analysis (TGA,
Fig. 2). As can be seen from the figure, both ternary and binary
cross-linked polymers are thermally stable until 250 C and thus of
sufficient stability for most polymer applications and processing
methodologies, e.g. extrusion. Between 250 and 300 C, minor
weight losses (10%) are observed. In general, the ternary branched
polymers (low amounts of cross-links) start to degrade about 10 C
earlier than the binary networks (fully cross-linked thermosets,
PBT1 and PBT4). It is expected that the difference in cross-link
density is responsible for this effect. The main degradation of all
PBTs occurs between 300 and 400 C. Furthermore, the binary
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Fig. 1. SEC chromatograms of representative ternary PBT polymers, synthesized with apolar monomers (left) and polar monomers (right).
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Fig. 2. TGA weight loss (left) and derivative weight loss (right) profiles of representative binary and ternary PBTs.
Table 2
Glass transition and melting temperatures of representative PBTs as measured by
DSC.
Code Network
type
Monomer
type
Cross-linker
type
Tg (C) Tm (C)
PBT1 binary apolar 4 arm 31 /
PBT4 binary polar 4 arm 28 /
PBT17 ternary apolar 4 arm 58 43
PBT19 ternary apolar 3 arm 60 45
PBT26 ternary polar 4 arm 49 60
PBT28 ternary polar 3 arm 52 57
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450e500 C, indicating that such high temperatures are required to
fully thermally degrade these thermosets. The shoulder is more
pronounced for the apolar thermosets since the aliphatic backbone
is more stable than the ethylene glycol backbone. Regardless, the
differences between the various PBT materials are relatively small
and good thermal stability may be safely assumed for the material
class in general.
Secondly, the polymers were subjected to differential scanning
calorimetry (DSC), to investigate the glass transition temperature
(Tg) and presence of melting temperature (Tm). Incorporation of
sulfide linkages into linear aliphatic polyesters often leads to ma-
terials with low glass transition temperatures [30]. Therefore, the
herein obtained networks are also expected to be characterized by
low Tg values. The DSC results with respect to the characteristic
phase transition temperatures are summarized in Table 2 (the full
DSC profiles are collated in the Supporting Information). Linear PBT
polymers, synthesized from HDDA and BDT monomers, display Tg
values between 60 and 80 C [18,31]. As can be seen from the
table, the introduction of chemical cross-links leads to an increase
in glass transition, which might, however, not only be related to the
presence of cross-links, but also to the significantly higher overall
molecular weights). The ternary structures (only containing 10%
cross-linker) exhibit Tg values between 60 and 49 C, while the
fully cross-linked binary PBT networks have Tg values of
around 30 C. Furthermore, the polar PBT networks have slightly
higher Tg values than their apolar counterparts. This can be
explained by the increased dipoleedipole interactions occurring in
polar PBT networks. No distinct differences in Tg are observedbetween similar networks with different cross-linker type. Besides
a glass transition, also melting is observed for the ternary hyper-
branched polymers. Again, the polar materials display a slightly
higher Tm although their melting transition is much less pro-
nounced than for the apolar materials (see DSC profiles in
Supporting Information). The ethylene glycol units in the backbone
are softer than their aliphatic counterparts but also here the
increased dipoleedipole interactions will play a significant role,
giving rise to the less distinct melting enthalpy profile. All ternary
branched polymers show melting temperatures well below 80 C,
but above room temperature, which allows for easy molding of the
materials.
3.4. Chemical degradation of ternary PBT polymers
As a first test to investigate the tendency of PBT polymers for
chemical degradation by hydrolysis, two branched materials,
Table 3
SEC results for PBT14 and PBT22, before and after degradation.
Polymer Hydrolysis by Mw
(g$mol1)
PBT14 e 19,900
PBT14 NaOH 100
PBT14 KOH 200
PBT14 Acetic Acid 5700
PBT14 HCl 2300
PBT22 e 11,800
PBT22 NaOH 200
PBT22 KOH 100
PBT22 Acetic Acid 200
PBT22 HCl 300
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considered to be a model apolar material (consisting of HDDA, BDT
and PETA) while PBT22 is a more polar material (TEGDA, EDDT,
PETA). Both PBTs were dissolved in THF (16.7 mg mL1). For each
material, 4 identical solutions were prepared. Subsequently an
equal volume of a 1 M solution of either NaOH, KOH, acetic acid or
HCl in water was added to the PBT-THF mixtures, dispersing the
THF/polymer solution. The basic and acidic conditions should hy-
drolyze the ester bonds of the PBTs over time, thereby degrading
the cross-linked structure. The mixtures were stirred for 4 days at
40 C, after which the organic fractionwas recovered by extraction.
SEC analysis of the PBTs before and after exposure reveal a sub-
stantial decrease in molar mass for all conditions used (see Fig. 3
and Table 3). In all cases, the polymer distribution has almost dis-
appeared and large amounts of small-molecular weight degrada-
tion product are observed. The chemical identity of the degradation
product has not been determined, it can be, however, assumedwith
reasonable certainty that these small molecules constitute mainly
of the various expected ester hydrolysis products. The degradation
towards smaller fragments is more pronounced for hydrolysis un-
der basic conditions. Furthermore, larger decreases in molar mass
are obtained for PBT22 than for PBT14. This may be explained by
the ability of the polar architecture to be easier penetrated by the
aqueous solution (as was indicated by the gelling of the polar bi-
nary networks, see discussion above) hence resulting in a partial
water solubility. Thus, the polar nature of PBT22 promotes affinity
towards the aqueous solution and therefore allows for faster
degradation. Regardless, while these experiments showed rela-
tively fast degradation of the materials, the results are merely
qualitative. Degradation occurred not under physiological condi-
tions and hydrolysis can be speculated to have occurred mostly at
the interface between the water and oil phase (at least for the
apolar architecture), which is not well-defined.
3.5. QCM study on degradable ternary PBT polymers
In order to study degradation in a more quantitative manner,
further experiments were carried out on a quartz crystal micro-
balance (QCM). QCMmakes use of the piezoelectric ability of quartz
to sense an increase or decrease of mass on the surface. This mass
change will result in a shift of the resonance frequency of the
crystal. In the case of rigid films, the relation between mass and
frequency is proportional and the difference in mass can be usually
directly calculatedwith the Sauerbrey equation [28]. The sensitivity
of the QCM is in the range of ng/cm2 to mg/cm2 which makes it a
sensitive and versatile research tool. While initially used for filmw
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 PBT14-HCl
Fig. 3. SEC chromatograms of PBT14 and PBT22, before and afthickness monitoring, the technique is now widely used in other
areas of interest, such as biotechnology, biosensing and surface
functionalization.
The QCM degradation study was performed on a selection of
PBT branched polymers, namely PBT17, PBT19, PBT26 and PBT28,
again covering as well apolar as well as polar materials. The gold-
coated quartz crystals were spin-coated with these polymers as
described in Section 2.5. After stabilization for 20 min at
37.00 ± 0.02 C, the polymer films were exposed to phosphate
buffers of various pHs (pH 4, 7.4, 9, and 12) and the effect on the
harmonic frequency was monitored. The penetration depth of the
harmonic wave is inversely proportional to its frequency, meaning
higher overtones are surface sensitive while the natural frequency
will probe deep inside the cross-linked polymer [29]. While
this measurement is more sensitive to solution variations, the
effect of the biodegradation of the polymer will also be more
pronounced.
Fig. 4 shows that Df is increasing at all pHs, indicating successful
degradation of the polymer films. The layers are non-rigid, thus the
Sauerbrey equation does not directly apply and the difference in
frequency cannot be readily converted intomass changes. However,
the data can still be used to compare the degradation rate between
the different PBTs.
It is directly obvious that the pH influences the degradation of
the ternary PBTs. The most severe degradation occurs at the
extreme pHs, pH 4 and then pH 12, followed by pH 9. At pH 7.4 no
significant effect is observed. This is as expected, since hydrolysis
occurs in either acidic or basic environment, but not under neutral
conditions. Also, the degradation effect is more pronounced at pH 4
than at pH 12, indicating an acidic environment is the most effec-
tive for degrading the PBTs, while tuning the pH towards neutral
conditions may allow for tuning of degradation times.10 10 10 10 10
w
Molar Mass /g mol
 PBT22
 PBT22-NaOH
 PBT22-KOH
 PBT22-CH COOH
 PBT22-HCl
ter degradation under different basic or acidic conditions.
Fig. 4. Frequency versus time plots for QCM degradation study of ternary PBTs, degraded in buffer solutions with different pH values.
J. Vandenbergh et al. / Polymer 55 (2014) 3525e3532 3531PBT17 and PBT19 are apolar materials while PBT26 and PBT28
have polar properties. The apolar structures should e based on the
chemical degradation study discussed above e display less affinity
towards the aqueous buffer used and therefore degradation should
occur at a slower rate or to less extent compared to the polar ma-
terials. PBT17 and PBT26 contain a tetrafunctional cross-linker
compared to PBT19 and PBT28 which were synthesized with a
trifunctional cross-linker. The buffer can better swell the less cross-
linked polymer and therefore degrade the whole film, while in a
more densely cross-linked polymer the degradation is mainly
limited to the surface. In theory, the expected order of degradation
should thus be PBT28 > PBT26 > PBT19 > PBT17.
We can directly determine from Fig. 4 that at the extreme pH
values the polar materials (PBT26, PBT28) degrade faster and to a
higher extent than the apolarmaterials (PBT17, PBT19) as expected.
PBT28 degrades at a higher rate than PBT26 which can be
explained by the difference in cross-linking density. PBT17 and
PBT19 should show the same effect, however, this cannot be safely
confirmed due to the overall slow degradation rate.
To differentiate better between bulk and surface degradation,
the curvature of the frequency curve can be closed investigated. The
polar PBT curves display an initial linear slope at the start of the
degradation but after approximately 10 h the rate of degradation is
strongly decreased. This trend is not observed for the apolar PBT
curves which follow more or less a linear trend over the complete
time frame. To fit the degradation curves of both polymer types,
Equation (1) was applied. This equation consists of a linear and of
an exponential part, whereby the linear part describes surface
degradation and the exponential factor can be attributed to bulk
degradation.Df ¼ A$t þ B$

1 ex=t

(1)
The results for the PBTs are summed up in Table 4 for pH 4, 9 and
12. The results for pH 7.4 were not further considered since no
significant fitting could be performed. The R2 values are given to
indicate how well the data corresponds to the fit.
Good fits of the data to Equation (1) are obtained in all cases.
From Table 4, a remarkable difference can be seen between the
polar and apolar materials. The value of B for the apolar polymers is
in most cases equal to zero, meaning only the linear part of the
equation applies and solely surface degradation is occurring, as
qualitatively analyzed before (it should be noted that the fits
partially yielded negligible small values for B in which case the
values was then set to zero). For the polar polymers there is also a
substantial contribution by the exponential parameters B and t
which indicate concomitant surface and bulk degradation. The
above finding that the polar polymer films allow for swelling of the
material in aqueous solution in contrast to the apolar polymer films
can thus be nicely confirmed. The choice of polar or apolar chain
segments in the ternary cross-linked PBT formation thus allows to
guide the degradation mechanism, which is of utter importance for
example in the realm of drug delivery applications.4. Conclusion
A set of degradable cross-linked PBT networks have been syn-
thesized via step-growth polymerization using hexylamine cata-
lyzed thiol-ene Michael additions at room temperature. First,
binary networks were synthesized by using a combination of a
Table 4
Parameters for best fits of the data depicted in Fig. 4 to Equation (1), obtained for ternary PBTs, degraded at different pH values.
Polymer pH 4 pH 9 pH 12
A B t (h) R2 A B t (h) R2 A B t (h) R2
PBT28 9.55 722.7 4.9 0.96 0.01 354 12.9 0.96 5.92 163 0.6 0.99
PBT26 4.54 593.2 1.0 0.99 0.73 129 9.7 0.84 1.48 264 16.6 0.89
PBT17 4.70 0 1.0 0.98 3.56 0 1.0 0.99 3.90 0 1.03 0.95
PBT19 2.86 114.1 5.0 0.91 1.32 36 2.3 0.83 4.05 0 1.03 0.98
J. Vandenbergh et al. / Polymer 55 (2014) 3525e35323532dithiol or diacrylate monomer with a 3 or 4 arm star cross-linker.
Polymerizations were all completed within minutes and insoluble
fully cross-linked thermosets were obtained. In order to obtain
soluble and thus processable PBTs, a set of ternary branched
polymers was synthesized, using 10% cross-linker in combination
with a dithiol:diacrylate monomer mixture. Very broad molar mass
distributions ranging from 102e106 g mol1 were obtained as is
typical for such highly branched structures. TGA measurements
revealed thermal stability of all networks until at least 250 C,
making them suitable for thermal processing. Distinct glass tran-
sitions between 30 C and 60 C were observed by DSC,
depending on the cross-link density (binary vs. ternary architec-
ture) and the type of monomer used (apolar vs. polar). Melting
temperatures for the soluble PBTs are in the range of 40e60 C.
As a first step to study the degradation of the PBTs by hydrolysis
of the polyester backbone, a selection of ternary PBTs were sub-
jected to chemical degradation by dispersion in basic or acidic
water/THF solutions. SEC measurements before and after exposure
revealed substantial decreases in molar mass for all conditions
used. Most pronounced decreases were obtained for polar mate-
rials subjected to basic solutions.
Finally, to allow for a direct comparison between the different
PBTs, a QCM degradation study was performed on both polar and
apolar ternary PBTs to investigate the true degradability upon
exposure to phosphate buffers with different pH values. The most
extremepHbuffers resulted in themost severedegradation andagain
polar polymers degraded faster than apolar counterparts due to their
higher affinity towards aqueous buffers in general. More in-depth
study of the QCM results revealed both surface and bulk degrada-
tion for the polar PBTs and only surface degradation for the apolar
PBTs, underpinning that the polar polymer films can be swelled by
the aqueous solution. The degradation of the branched PBTstructures
can thereby be seen as amimic for the insoluble binary PBTnetworks,
which are not as easily accessible to degradation studies.
This study lays now the path for future studies in the family of
PBT materials. On one hand, PBTs can be employed on large scale in
classical plastic applications. Products should be easily processable
via standard techniques, only the low melting points may be
limiting with respect to applications. Regardless, only relatively
cheap commercially available monomers have been used and
upscaling of the introduced polymerization method should be
easily achievable. On the other hand, PBTs may also find application
as materials in high-end applications. The easy degradability and
good tunability of properties as discussed herein make them prime
candidates for further studies for drug release. Controlled release
studies with PBTs are currently underway in our laboratories and
will be presented in due course.
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